Unraveling the ''code'' of genome structure is an important goal of genomics research. Colocalization of genes in eukaryotic genomes may facilitate preservation of favorable allele combinations between epistasic loci or coregulation of functionally related genes. However, the presence of interacting gene clusters in the human genome has remained unclear. We systematically searched the human genome for evidence of closely linked genes whose protein products interact. We find 83 pairs of interacting genes that are located within 1 Mbp in the human genome or 37 if we exclude hub proteins. This number of interacting gene clusters is significantly more than expected by chance and is not the result of tandem duplications. Furthermore, we find that these clusters are significantly more conserved across vertebrate (but not chordate) genomes than other pairs of genes located within 1 Mbp in the human genome. In many cases, the genes are both present but not clustered in older vertebrate lineages. These results suggest gene cluster creation along the human lineage. These clusters are not enriched for housekeeping genes, but we find a significant contribution from genes involved in ''response to stimulus.'' Many of these genes are involved in the immune response, including, but not limited to, known clusters such as the major histocompatibility complex. That these clusters were formed contemporaneously with the origin of adaptive immunity within the vertebrate lineage suggests that novel evolutionary and regulatory constraints were associated with the operation of the immune system.
Introduction
Genes are held together on chromosomes in an arrangement that has often been likened to ''beads on a string,'' but this simple description belies great organizational complexity. In bacteria, functionally related genes are often clustered on the genome into operons and are transcribed into a single messenger RNA. Similarly, 15% of Caenorhabditis elegans genes are also cotranscribed polycistronically in gene clusters similar to bacterial operons (Blumenthal et al. 2002) . Operon structures have not been found in other eukaryotes; however, many recent studies have reported nonrandom gene order on eukaryotic genomes (Hurst et al. 2004) . It has been reported that neighboring genes are coexpressed in Saccharomyces cerevisiae, Drosophila melanogaster, and C. elegans (Cohen et al. 2000; Spellman and Rubin 2002; Lercher et al. 2003) . In addition, housekeeping or highly expressed genes have often been found in coexpressed gene clusters in mouse and human (Lercher et al. 2002; Williams and Hurst 2002; Singer et al. 2005) .
The transcription of a gene may however affect the transcription of its neighbors even if the coexpression is not intended (Spellman and Rubin 2002; Hurst et al. 2004) . Transgenes in plants can assume the expression profile of regions into which they insert in the genome by chromatin-mediated effects (Finnegan et al. 2004 ). Many of these coincidental transcripts are likely to be suppressed by posttranscriptional regulation, and the correlation between transcription and translation is weak in S. cerevisiae (Ghaemmaghami et al. 2003) . In other words, there is no guarantee that the transcripts are translated.
Protein-protein interactions (PPIs) are relationships among translated products. Identification of gene clusters in the genome based on PPIs avoids the bias caused by chromatin structure that is inherent to the analysis of coexpressed genes. Therefore, PPIs constitute a suitable biological relationship to study gene clusters in the genome. In S. cerevisiae, genes in the same protein complex (Teichmann and Veitia 2004) as well as genes with other interactions (Poyatos and Hurst 2006) tend to be both colocalized and coexpressed in the genome.
Coexpressed yeast gene pairs are well conserved in Candida albicans (Huynen et al. 2001; Hurst et al. 2002) . In addition, there are fewer breakpoints within coexpressed gene clusters in both human and mouse than expected (Singer et al. 2005) . These results indicate that coexpressed gene clusters have been conserved during evolution.
It is more difficult to identify interacting gene clusters in large genomes such as those of vertebrates than in the more compact yeast genomes because of the increased size of the proteome and the relative deficit of experimental data. To date, it has remained unclear whether there are interacting gene clusters in vertebrate genomes (Hurst et al. 2004; Hurst and Lercher 2005; Poyatos and Hurst 2006) . Here, we search for evidence of the colocalization of interacting genes within the human genome using PPI data from the Human Protein Reference Database (HPRD). We investigate the evolution of interacting gene clusters by comparative genomics in vertebrates and test the hypothesis that interacting gene clusters in human should be well conserved in other vertebrate genomes.
Materials and Methods Data
The 22,555 protein-coding genes having known genomic locations in Ensembl release 46 were used in this study (Hubbard et al. 2007 ). We used PPI data in HPRD release 7 (Peri et al. 2003 ) excluding self-interactions. From the HPRD data, we used 34,653 interactions involving 9,228 genes whose genomic locations could be traced in Ensembl.
Identification of Tandem Duplicated Genes
An all-against-all BlastP searches were conducted for human protein sequences from Ensembl, using the longest sequence for genes with multiple isoforms. Duplicated genes were defined as those with E , 0.2 (Lercher et al. 2002) . Out of the 34,653 interacting pairs, 139 were tandem duplicates within 10 Mbp. We also identified interacting gene pairs sharing protein domains (except for low complexity sequence such as proline-rich region), in any of the alternative isoforms, in InterPro (http://www.ebi.ac.uk/ interpro/) or structural classification of proteins (SCOP); (http://scop.mrc-lmb.cam.ac.uk/scop/).
Simulations
We conducted simulations to assess whether the number of interacting gene pairs at a particular genomic distance was larger than expected. We randomly shuffled locations of all genes in the genome 1,000 times and identified interacting gene clusters on each shuffled genome. We counted the number of interacting gene pairs within a range of 1 Mbp each toward 10 Mbp to test the statistical significance of our results.
Conservation of Genes and Gene Clusters
We obtained orthologs of human genes from Ensembl compara release 46 for 13 species (Hubbard et al. 2007 ): chimpanzee (Pan troglodytes), macaque (Macaca mulatta), mouse (Mus musculus), rat (Rattus norvegicus), dog (Canis familiaris), cow (Bos taurus), opossum (Monodelphis domestica), chicken (Gallus gallus), zebrafish (Danio rerio), tetraodon (Tetraodon nigroviridis), stickleback (Gasterosteus aculeatus), medaka (Oryzias latipes), and ascidian (Ciona intestinalis). Genes were classified into 9 categories: human, hominid, primate, primate/rodent, eutherian, mammal, tetrapod, vertebrate, and chordate according to their most recent common ancestor ( fig. 1 ). We excluded genes that were only annotated in human from the comparative analysis because many such absences are caused by annotation issues.
Similarly, we classified gene clusters into 9 categories based on their conservation during chordate evolution. If both genes in a gene cluster in the human genome have orthologs within 1 Mbp in another vertebrate, we considered the gene cluster as a conserved cluster on the vertebrate genome ( fig. 1 ). To test the statistical significance of gene cluster conservation during chordate evolution, we randomly selected as many gene pairs within 1 Mbp on the human genome as observed interacting gene pairs 1,000 times. In addition, we sampled genes having the same degree of evolutionary conservation as genes in observed gene clusters to normalize the effect of difference in the degree of conservation between randomly sampled and observed interacting genes.
Gene Ontology
The number of each Gene Ontology Annotation (GOA) term assigned into genes in gene clusters was counted (http://www.ebi.ac.uk/GOA/). We calculated the P value for each GOA term by comparison of the number of observed GOA term with that of expected GOA term based on a hypergeometric distribution using all genes in the PPI network. The estimated P values were adjusted by Bonferroni correction and Benjamini-Hochberg correction.
Results

Exclusion of Interactions between Tandem Duplicate Genes
Tandem gene duplication may create interacting gene clusters in a given region of chromosome because they were derived from the same ancestral gene (Lercher et al. 2002) . Hurst et al. (2004) pointed out that many studies of coexpressed gene clusters did not control for this tandem duplication effect. Let us consider the effect of tandem duplication on the origin of gene clusters when PPI data are used. In the case where a gene interacts with another gene on a different chromosome, following tandem gene duplication the duplicated gene pair may share interacting partners (Wagner 2001; Makino et al. 2006 ), but no new interaction between products of closely linked genes is created ( fig. 2A) . That is, a gene cluster is not created even if tandem duplication has occurred. Therefore, the effect of tandem duplication on the identification of biologically and evolutionarily significant gene clusters is expected to be weaker when using PPI data than when using expression data. However, when a gene having a self-interaction is duplicated, the gene would possibly interact with its duplicated copy (fig. 2B; Wagner 2001; Pereira-Leal et al. 2007 ). So it is necessary to exclude tandemly duplicated gene pairs to identify gene clusters, even when using PPI data.
We found 137 PPIs between duplicated genes located less than 10 Mbp apart in the human genome. Approximately 80% of PPIs between duplicated gene pairs were within 1 Mbp. We excluded the PPIs between duplicated gene pairs in the remainder of our analysis. In another possible scenario, where a gene in an existing gene cluster duplicates tandemly, the gene cluster would be amplified ( fig. 2C ). The amplified gene clusters are likely to have biological meaning because they were derived from existing gene clusters. Therefore, we treated the amplified gene clusters the same as the other interacting gene clusters, although they were not many (5 in our data set).
Identification of Interacting Gene Clusters
We identified interacting pairs and measured the genomic distance between each pair. For distances of 0-10 Mbp, we sorted the gene pairs into groups separated by 0-1, 1-2 2-3 Mbp, etc. (table 1) . For each group, we compared the observed number of interacting pairs with the expected numbers, estimated by simulations where gene order was randomized (see Materials and Methods). Only the interval 0-1 Mbp shows a significant excess of interacting pairs; there are 100 such pairs. One mega base pair is a biologically realistic range for finding gene clusters because it has been reported that distal enhancers can affect the transcription of a neighboring gene from a distance of as much as 1 Mbp of genomic sequence (Kleinjan and van Heyningen 2005) .
We measured the effect of gene density differences throughout the genome on the identification of gene clusters by repeating this analysis, considering gene pairs separated by a fixed number of intervening genes rather than a Mbp distance (supplementary table S1, Supplementary Material online). We identified 100 interacting gene pairs located within 20 genes of each other, 73 of which were also found within 1 Mbp. This indicates that gene density bias is not significant and that clusters identified using a base-pair distance threshold are robust.
Although we had already excluded interactions between duplicated gene pairs identified by BlastP, we considered the possibility that there might remain some tandemly duplicated genes with divergent sequences that were not detected by this search. The more sensitive program position specific iterated Blast (PSI-Blast) found that 10 of the 100 interacting gene pairs within 1 Mbp have residual sequence similarity (E values , 0.2).
In addition, we looked for gene pairs sharing any protein domain as presumable tandemly duplicated gene pairs (see Materials and Methods 
Conservation of Interacting Gene Clusters in Vertebrate Genomes
If interacting gene clusters in human have a functional role, we would expect them to be conserved during evolution. We tested this hypothesis by comparing the degree of conservation of the observed clusters to that of other pairs of nearby genes chosen at random. (figs. 1 and 3). The observed gene clusters are significantly more conserved than expected (P 5 1.7 Â 10 À7 , 1-tailed Kolmogorov-Smirnov test; fig. 4A ).
The comparative genomics of each of the gene clusters is summarized in figure 3. Only one cluster is conserved throughout all the species examined (FEN1-EEF1G; first row of fig. 3 ). Other clusters are conserved to varying degrees. In 48 cases, both genes are detected but not clustered in an older vertebrate lineage (indicated by brown squares in fig. 3 ). Twenty-four of these were present in the genome for a significant time before they were colocalized (i.e., they are unclustered in more than one outgroup lineage). In many of these cases, we are observing the construction of the gene cluster from nonclustered genes within the vertebrate lineage. The fact that the genes are both present but not clustered in multiple outgroup lineages points to the assembly of the cluster on the human lineage. However, the frequency of gene pair ''construction'' is not more than observed for noninteracting pairs. In the remaining 34 cases, we always observe the cluster given that both orthologs are detected. This may be influenced by a potential failure to identify orthologs in distantly related organisms even when they are present but is also indicative of the biological significance of these clusters. We speculated on the reason for the high conservation of gene clusters and hypothesized that gene clusters may consist of slowly evolving genes and that this alone might explain the higher conservation of the clusters. We compared the distribution of the evolutionary conservation of genes in clusters (i.e., the phylogenetic range over which they were detected) with expectation and found that genes involved in clusters are slightly more conserved than expected (P 5 0.035, 1-tailed Kolmogorov-Smirnov test; fig. 4B ). Therefore, we normalized the degree of evolutionary conservation of randomly sampled gene pairs (see Materials and Methods). We found no difference between the conservation of genes selected in the normalized randomization and the observed conservation of genes indicating that the normalization step was successful. Even after the normalization, we found that the gene clusters were more conserved than randomly sampled pairs of human genes separated by ,1 Mbp (P 5 0.024, 1-tailed Kolmogorov-Smirnov test; fig. 4C ). This demonstrates that the clusters identified in the human genome are more conserved than expected and that this is not a consequence of the degree of conservation of the constituent genes.
A recent study reported that the physical distance between genes has the greatest contribution to the conservation of gene order in yeast even compared with some known factors such as coexpression (Poyatos and Hurst 2007) : that is, the shorter the physical distance, the rarer is gene order rearrangement. Therefore, we considered the possibility that the observed gene clusters were conserved during evolution just due to close physical proximity. This could bias the analysis if the physical distances between the interacting gene pairs within 1 Mbp in the human genome tended to be shorter than those between randomly sampled pairs within 1 Mbp in simulation. To examine this possibility, we compared the distances between interacting gene pairs in the observation with those in the simulation. The mean distances in the observation and simulation were 0.44 and 0.47 Mbp, respectively, which is not a statistically significant difference (P 5 0.34, Mann-Whitney U test; P 5 0.33, 1-tailed Kolmogorov-Smirnov test; supplementary fig. S2, Supplementary Material online) . Therefore, the high conservation of the interacting gene clusters is not simply a consequence of close physical proximity.
Gene Clusters Are Not Enriched for Housekeeping Genes or for Pairs in the Same Protein Complex
We assessed whether identified colocalized interacting gene pairs in the human genome were in the same protein complex. We found that 793 out of 34,653 interacting gene pairs were in the same complex using protein complex data in HPRD. Only 2 pairs in 83 interacting gene clusters were in the same complex.
Housekeeping and highly expressed genes were found in coexpressed gene clusters on the human genome (Lercher et al. 2002) . Whereas housekeeping gene clusters were evolutionarily conserved, highly expressed genes were not (Singer et al. 2005) . Therefore, we investigated whether interacting gene clusters identified here were enriched for housekeeping genes. We found 1,505 pairs of housekeeping genes in 34,653 interacting gene pairs, using an accurate set of predicted housekeeping genes (De Ferrari and Aitken 2006) . Only 6 pairs of housekeeping genes were found in 83 interacting gene clusters. There was no statistically significant difference in the proportion of housekeeping gene pairs in interacting gene clusters as compared with the entire genome (P 5 0.31, v 2 test for contingency table).
Function of Genes in Interacting Gene Clusters
In an attempt to understand the characteristics of genes in interacting clusters, we examined their function using GOA (see Materials and Methods). We did not find any statistically significant difference in the number of GOA terms between observation and expectation. We hypothesized that the power to detect any trend within these clusters may be compromised by the fact that about half of gene clusters within 1 Mbp are possibly artifacts (47 are expected by chance; table 1). Proteins that have many interaction partners in the PPI network are called ''hub'' proteins. Hubs have more opportunities to colocalize with their PPI partners in the same genome region by chance than others. It has been noted that high-throughput PPI data contained many false positives (von Mering et al. 2002) , and hubs are likely to be the central reason. Therefore, interacting gene pairs consisting of at least one hub protein (here defined as a protein with at least 20 PPI partners) were regarded as less reliable pairs, although some of them must be true pairs. Even after the removal of the hubs, there was still a statistically significant difference in the number of gene clusters within 1 Mbp between observation (37 pairs) and simulation (P 5 7.55 Â 10 À9 ; supplementary fig. S1B, Supplementary Material online). We did not exclude all hub proteins from the outset of the project because they must contain some true interactions, and it is instructive to note that even with their inclusion the number of interacting gene clusters in the human genome is highly significant. We examined the function using GOA for these remaining 37 gene pairs and found response to stimulus (GO:0005215) was significantly enriched (P 5 0.031 after correction for multiple tests, see Materials and Methods). Interestingly, 13 of 21 genes classified into the GOA term response to stimulus were related to immune response (table 2 and fig. 6 ). Furthermore, many of the immune-related genes had interactions with each other.
Evolutionary History of Interacting Gene Clusters Related to Immune Response
We investigated the conservation of the interacting gene clusters related to immune response in chordate species. All but 2 of the immune-related gene clusters were conserved at least in mammals ( fig. 3) . The interacting gene cluster RAG1-RAG2, which is a well-documented gene Interacting Gene Clusters in the Human Genome 1859 cluster (Oettinger et al. 1990) , is conserved throughout vertebrates ( fig. 5A ). The interacting gene pair RFX1-NFIX is on the same chromosome among chordate genomes, but the gene cluster within 1 Mbp is conserved only in mammals ( fig. 5B ). This observation suggests that intrachromosomal rearrangements have moved these genes closer together. The pair FCER1G-FCGR3A is conserved in mammals, but the intergenic distance is ,1 Mbp only in eutherians (except for cow; fig. 5C ). We found that gene syntenies around both orthologous genes were conserved well among eutherian genomes. Both synteny blocks in the opossum genome were also conserved, but they were not closely linked. The results indicate that genomic rearrangement occurred in a region between the interacting gene pair in either the eutherian or marsupial lineage. If the former is true, then the cluster was created by a genome rearrangement. Unfortunately with present data, it is not possible to distinguish the two scenarios because we cannot identify orthologs of FCER1G or FCGR3A or their closely linked neighbors in more distantly related species.
Discussion
We have shown that interacting gene clusters are a significant component of the human genome. This is true even after extremely strict removal of tandem duplicates and after eliminating hub proteins from the analysis. There are presumably some false positives present in PPI data, but despite this, gene clusters have proven to be more abundant within 1 Mbp in the human genome by statistical tests. There is no reason to suspect that there is a bias in the database to falsely report interactions between closely linked genes. Furthermore, PPI data are still relatively sparse, and we expect that with more data and with greater accuracy in the data more interacting gene clusters will be identified in the human genome. The biological significance of interacting gene clusters might be derived from coregulation by bidirectional promoters (Trinklein et al. 2004 ), shared enhancers (West et al. 2002) , or chromatin-mediated regulation (Robyr et al. 2002; Finnegan et al. 2004 ). There may also be a selective advantage to retain interacting genes in close linkage because in the case of epistasis, particular, favorable allele combinations may be retained in linkage disequilibrium (Nei 1967) . Of the 83 gene pairs, 10 are immediate neighbors and 6 of these have diverging orientations (head-to-head; supplementary table S2, Supplementary Material online), which may allow coregulation by bidirectional promoters.
We found that interacting gene clusters have been conserved during vertebrate evolution. The greatest difference between the observed level of conservation and expectation based on simulations is seen in mammals ( fig. 4A and C) .
The comparison with primate genomes shows a lesser degree of difference between the observation and the simulations, which probably reflects the short time since they shared a common ancestor. The difference between observation and simulation disappears in more distantly related species. In particular, the interacting gene clusters were rarely conserved in the ascidian (Ciona) genome, although approximately 40% of genes in the gene clusters were detected ( fig. 4B ). Under the principle of scientific parsimony, these results suggest that many of the interacting gene clusters have been created in the vertebrate lineage, particularly the mammalian lineage.
We found several important differences between interacting gene clusters in the human genome as compared with what has been reported. Genes in the same protein complex tend to be physically close to each other on the yeast genome (Teichmann and Veitia 2004) ; however, genes in the interacting gene clusters identified in this study were rarely in the same protein complex. In addition, housekeeping gene clusters were found in the human genome using gene expression data (Lercher et al. 2002) , but only very few interacting gene clusters identified here were pairs of housekeeping genes. This indicates that the characteristics of the PPI-based interacting gene clusters identified here are different from those identified in previous studies.
Interestingly, we found that several genes in the interacting gene clusters were related to immune response. The major histocompatibility complex (MHC) region on chromosome 6 is a well-known cluster of genes related to immunity (The MHC sequencing consortium 1999), and it was successfully identified in our search of the human genome ( fig. 6 ). In addition, there are other large clusters such as the leukocyte receptor complex on chromosome 19, the natural killer complex on chromosome 12, and the immunoglobulin superfamily cluster on chromosome 1, although large parts of these gene clusters have been created by tandem gene duplication (Trowsdale 2002; Fukami-Kobayashi et al. 2005; Kelley et al. 2005) . In this study, we excluded gene clusters created by tandem gene duplication, but our search did identify immune-related interacting gene clusters existing in large gene clusters such as the MHC and also other local regions ( fig. 6 ). The interacting gene cluster FCER1G-FCGR3A is located within the known immunoglobulin superfamily cluster ( fig. 6 ), and FCGR3A is a member of the immunoglobulin superfamily. Although FCER1G is not a member of this family, the gene was derived from a common ancestor with the zeta chain of the T-cell receptor on the same chromosome (Kuster et al. 1990 ). Interestingly, we found evidence of genome rearrangements in the eutherian lineage that may have brought FCER1G and FCGR3A closer together ( fig. 5C ). Notably, the MHC class I genes also experienced gene order rearrangements in the eutherian lineage (Belov et al. 2006) .
The adaptive immune system can be traced back to the time of appearance of jawless vertebrates (Cannon et al. 2004; Nagawa et al. 2007 ). Interestingly, the timing coincided with the first signal of interacting gene cluster creation ( fig. 4C ). The fact that so many clusters include immune genes emphasizes the importance of this system during vertebrate evolution and indicates that selection on immune clusters may have been a major factor affecting vertebrate genome rearrangement. We speculate that new regulatory mechanisms, epistatic factors, or other evolutionary constraints associated with the genes of the adaptive immune system have driven much of the evolution of interacting gene clusters in the human genome.
Supplementary Material
Supplementary tables S1 and S2 and figures S1 and S2 are available at Molecular Biology and Evolution online (http://www.mbe.oxfordjournals.org/).
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